Zehr EP, Loadman PM, Hundza SR. Neural control of rhythmic arm cycling after stroke. J Neurophysiol 108: [891][892][893][894][895][896][897][898][899][900][901][902][903][904][905] 2012. First published May 9, 2012; doi:10.1152/jn.01152.2011.-Disordered reflex activity and alterations in the neural control of walking have been observed after stroke. In addition to impairments in leg movement that affect locomotor ability after stroke, significant impairments are also seen in the arms. Altered neural control in the upper limb can often lead to altered tone and spasticity resulting in impaired coordination and flexion contractures. We sought to address the extent to which the neural control of movement is disordered after stroke by examining the modulation pattern of cutaneous reflexes in arm muscles during arm cycling. Twenty-five stroke participants who were at least 6 mo postinfarction and clinically stable, performed rhythmic arm cycling while cutaneous reflexes were evoked with trains (5 ϫ 1.0-ms pulses at 300 Hz) of constant-current electrical stimulation to the superficial radial (SR) nerve at the wrist. Both the more (MA) and less affected (LA) arms were stimulated in separate trials. Bilateral electromyography (EMG) activity was recorded from muscles acting at the shoulder, elbow, and wrist. Analysis was conducted on averaged reflexes in 12 equidistant phases of the movement cycle. Phasemodulated cutaneous reflexes were present, but altered, in both MA and LA arms after stroke. Notably, the pattern was "blunted" in the MA arm in stroke compared with control participants. Differences between stroke and control were progressively more evident moving from shoulder to wrist. The results suggest that a reduced pattern of cutaneous reflex modulation persists during rhythmic arm movement after stroke. The overall implication of this result is that the putative spinal contributions to rhythmic human arm movement remain accessible after stroke, which has translational implications for rehabilitation.
A CEREBROVASCULAR ACCIDENT (CVA), or stroke, leads to alterations in the neural control of walking (Kim and Eng 2004; Olney and Richards 2001; Richards and Olney 2001; Zehr et al. 1998 ) and leg cycling (Brown and Kautz 1998; Brown et al. 1997; Schindler-Ivens et al. 2004) . In addition to the many locomotor impairments involving movement ability of the legs, significant impairments are also seen in the activity of arm muscles. Clinical presentation of impaired muscle activity can include exaggerated reflex responses such as spasticity and clonus (Whitlock 1990) as well as reduced muscle responses such as flaccidity and paresis, all of which can alter normal coordination of the arms and legs (Beer et al. 2000; Canning et al. 2000; Cirstea and Levin 2000; Rymer et al. 1998 ). Hemiparesis and spasticity in the upper limb can often lead to flexion contractures and can also reduce coordinated movement between the arms (Beer et al. 2000; Canning et al. 2000; Cirstea and Levin 2000; Rymer et al. 1998) . These alterations in coordination of muscle activity within and between the limbs can significantly affect movement performance. Alterations in descending supraspinal inputs induced by the lesion can allow spinal cord circuits that are exquisitely regulated by interneuronal connections (Jankowska and Hammar 2002) to operate in an unregulated fashion. As a result, activity in spinal pathways may be changed including cutaneous reflexes (Jones and Yang 1994; Zehr and Loadman 2012; Zehr et al. 1998) .
Recent observations from studies of background muscle activation and reflex modulation during rhythmic arm cycling provide evidence for the existence of similar neural control for rhythmic arm and leg movements in neurologically intact participants (Zehr et al. 2004a . Cutaneous reflexes in arm muscles are modulated with the phase of the movement cycle (Zehr and Chua 2000) , depend on the motor task (Carroll et al. 2005; Zehr and Hundza 2005) , are nerve-specific (Zehr and Kido 2001) , and produce functionally relevant corrective responses (Klimstra et al. 2011) . Further, reflexes evoked by stimulating different cutaneous fields in one hand generate coordinated patterns of suppression and facilitation in muscles of both arms (Zehr and Kido 2001) . Progress has been made in the understanding of the neural control of rhythmic arm movement (for reviews see Zehr and Duysens 2004; Zehr et al. 2004a Zehr et al. , 2009 , which has been suggested to parallel that for rhythmic leg movements Zehr and Duysens 2004; Zehr and Haridas 2003) . A contribution from subcortical and presumed spinal pattern generating networks (e.g., locomotor central pattern generators [CPGs] ) is implicit in these observations (Zehr et al. 2004a) .
Byblow and colleagues have provided compelling evidence concerning the neural control of rhythmic wrist movement after stroke (Lewis and Byblow 2004a,b,c; Stinear and Byblow 2004a,b,c) . Currently there has been little study of the neural control of whole-arm rhythmic movements after stroke. The purpose of the present study was to evaluate the extent to which the characteristic pattern of muscle activity and cutaneous reflex modulation is expressed after interruption of descending input arising from stroke. Since rhythmic arm cycling relies on contributions from subcortical circuits (Carroll et al. 2006) , we hypothesized partial preservation of patterns of reflex modulation during arm cycling after stroke. As such, background electromyographic (EMG) and reflex modulation serve as proxies for the changes in neural function resulting either from the initial lesion or from the ensuing neuroplastic pathologic adaptations after stroke.
METHODS
Twenty-five participants (18 males, 7 females; average age 65.84 Ϯ 14.12 y, range ϭ 32-86) who were at least 6 mo postinfarction of a single CVA and clinically stable participated with informed, written consent. Participants were selected if they had sufficient residual function to perform low-intensity seated arm cycling and had no significant cardiovascular comorbidities contraindicating the performance of light exercise (Zehr 2011) . All participants were screened with the PAR Q (CSEP 2002) and a family physician's confirmation of the ability to participate was obtained as appropriate. Details about the site and extent of their lesion can be found in Table 1 . Control data from 33 neurologically intact (NI) participants (average age: 43.7 Ϯ 21.6 y, range 22-82) were compiled from three previous investigations (Carroll et al. 2005; Zehr and Hundza 2005; Zehr and Kido 2001) . Experimental procedures were approved by the Human Research Ethics Board at the University of Victoria and performed in accordance with the Declaration of Helsinki.
Protocol
The experimental methodology is similar to that described previously (Carroll et al. 2005; Hundza and Zehr 2006; Zehr and Hundza 2005; Zehr and Kido 2001) . Participants performed trials of bilateral rhythmic arm cycling at a comfortable rate of about 1 Hz (stroke: 0.91 Ϯ 0.05; control: 1.1 Ϯ 0.12 Hz) on a previously described hydraulic arm ergometer while the superficial radial (SR) nerve of either the more affected (MA) or less affected (LA) of stroke participants or the right (R) or left (L) arm of control was stimulated. The MA limb was operationally defined as the contralesional and the LA as the ipsiliesional arm. Each cycling trial (120 -140 stimulated cycles interleaved with unstimulated cycles) lasted between 5 and 10 min and all participants performed at least one trial of movement with rest breaks as required. In contrast to our previous experiments in NI participants who had full range of motion (ROM) in both shoulder and elbow joints and who used the standard 19.5-cm-long crank arms, flexion contractures, or shoulder subluxation often limited full ROM and precluded stroke participants from cycling with the arm crank at full length on the MA side. In those cases (see Table 1 ), the lengths of the arm cranks were incrementally adjusted (from 19.5 to 3.8 cm) until a comfortable ROM was reached for each subject. A previous study confirmed that this does not significantly alter the motor task, or the reflex modulation of arm cycling (Hundza and Zehr 2006) . Additionally, to facilitate holding the cycle handgrips, molded forearm and hand supports were used. The participant placed his or her hand into the molded support and the hand and forearm were then secured with Velcro straps. The entire hand support interface was then attached to the cycle handgrip as shown in Fig. 1A .
During rhythmic arm cycling, the position of the ergometer crank arms in the movement cycle was determined from a linear continuous turn potentiometer connected in series with the chain and was reset with each complete 360°movement cycle. The movement cycle is defined here relative to a clockface with the position where the ipsilateral crank is pointing straight up, defined as 12 o'clock and phase definitions continuing clockwise (see Fig. 1, A and B) . All references to position in the movement cycle are thus given with respect to the hour hand on a clockface. Offline, responses occurring at a given position in the movement cycle were partitioned together with reference to these definitions. In correspondence with this, the movement cycle was partitioned into 12 separate phases. Accordingly, phase 1 is that part of the movement cycle that covers the excursion from 12 to 1 o'clock, phase 2 from 1 to 2 o'clock, and so on. This is illustrated in Fig. 1B , which includes the additional depiction of the general mechanical arrangement of the arm cycling movement into power (or shoulder flexion; equivalent to stance phase of walking in legs) from 9 until 3 o'clock and recovery (or shoulder extension; equivalent to swing phase of walking in legs) from 3 to 9 o'clock (Klimstra et al. 2011 ) when the clockface is viewed from the right.
Clinical evaluations. Clinical classification of all stroke participants was carried out by a registered physiotherapist. Muscle tone was measured using the Modified Ashworth Scale (5 points) at the elbow for the upper limb (Bohannon and Smith 1987) . This is a graded rating of elbow flexion spasticity scored from 0 to 4, with 0 being flaccid and 4 being rigid. Motor impairment was measured using the Brunnstrom Stroke Scale (Stages 1-7) for both the arm and hand (Brunnstrom 1966 ) and a functional measure of gait was derived using the 6-point Functional Ambulation Categories Scale (FACS, 0 -5 points) (Holden et al. 1984) . The Brunnstrom stages of motor recovery after stroke is a 7-point scale ranging from: 1) flaccid paralysis with no reflexes; 2) some spastic tone, but no voluntary movement and muscle synergies are elicited through facilitation; 3) spasticity is marked and synergistic movements may be elicited voluntarily; 4) spasticity decreases and synergistic movements predominate; 5) spasticity wanes and there is an ability to move out of synergies, although synergies are still present; 6) coordination and movement patterns are near normal, but there is trouble with more rapid complex movements; and 7) normal. The FACS rates walkers on a 0 to 5 scale (Collen et al. 1990 ) from an inability to walk (score 0), to dependence requiring continuous contact (score 1), intermittent contact (score 2), or verbal supervision (score 3) of another person, to independence on either even (score 4) or uneven (score 5) surfaces.
The ability of participants to discern both cutaneous light touch and pressure was measured in the hand and arm using the SemmesWeinstein esthesiometer (Hage et al. 1995) . Data from these evaluations along with other characteristics of the stroke participants are found in Table 1 .
Nerve Stimulation
Because the MA arm of stroke participants was the main limb of interest, it was always stimulated in the first arm cycling trial to ensure that these data were collected at a minimum. If the participant was able, the less affected (LA) arm was subsequently stimulated in a separate trial. Stimulation was applied pseudorandomly across the cycle of movement with trains of 5 ϫ 1-ms pulses at 300 Hz via a Grass S88 stimulator (Astro-Med Grass Instrument, West Warwick, RI) connected in series with an SIU5 isolator and a CCU1 constantcurrent unit. The SR nerve was stimulated just proximal to the anatomical snuff box close to the distal end of the radius using bipolar surface electrodes. Appropriate stimulation location was verified by confirming that a radiating sensation was evoked in the innervation distribution of the SR nerve. The intensity of stimulation was approximately twofold the threshold for radiating paraesthesia (RT) (2, 58) ϭ 2.164, P ϭ 0.124 with Lavene's correction statistic P ϭ 0.238]. Since MA and LA (stroke) and left and right (control) arms were both stimulated in separate trials reference is made to limbs based on the relative site of stimulation: ipsilateral (i) or contralateral (c) to the site of stimulation. In one stroke participant with sensory impairments we were not able to determine the RT; therefore, stimulation intensity in that subject was determined by the presence of a minimal reflex response in the static position. [FCR] ) muscles. Ground electrodes were placed on the skin overtop of bony landmarks. EMG signals were preamplified (ϫ1,000 -5,000) and bandpass filtered at 100 -300 Hz (P511 Astro-Med Grass Instrument).
Data Acquisition and Analysis
All data were sampled at 1 kHz with a 12-bit A/D converter connected to a computer running custom-written LabVIEW (National Instruments, Austin, TX) virtual instrument applications. Offline, the data were partitioned into 12 movement phases based on a division of the cycle of rhythmic arm movement into 12 equidistant portions that represent one "hour" as described earlier. Evoked responses to nerve stimulation in each phase were averaged. The same was done for EMG recorded without stimulation (unstimulated data) in each phase. Subtracted traces (ϳ10 -20 observations per phase) of reflex EMG were created by subtracting unstimulated data from data on which evoked responses were superimposed.
Analysis of background muscle activation. As described earlier, "background" EMG amplitudes were calculated for each phase of the movement cycle from the unstimulated data. All amplitudes were normalized to the maximum (max) background EMG detected in a given muscle for each subject during arm cycling. The background EMG data were analyzed in three different ways. First, we analyzed the amplitude of background EMG occurring at each cycling position (phase). Second, to quantify the rhythmic activation of muscles during arm cycling, a modulation index (MI ϭ [(EMG max Ϫ EMG min )/ EMG max ] ϫ 100) was calculated for each muscle across the movement cycle. This measure provides a means of comparing the extent to which muscles varied between phasic bursts of activity (large MI) to alternatively tonic activity (small MI) throughout the movement cycle. Third, we calculated coactivation ratios for antagonist muscles of the same arm and homologous muscles between the arms. The ratio within an arm yields a quantified index of the extent to which antagonist muscles were coactive during rhythmic arm movement and was applied to AD/PD and BB/TB. It was also applied between the arms to create ratios of activity in homologous muscles bilaterally for AD, PD, BB, and TB, yielding an index relating the extent to which coordination of muscle activity was maintained between the arms after stroke. In this way a high ratio is indicative of less contralateral coactivation. All ratios were compared with the normative values taken from the neurologically intact control participants.
Cutaneous reflex analysis. Subtracted reflex EMG responses were analyzed at early (ϳ50 -80 ms to peak) and middle (ϳ80 -120 ms to peak) latencies. During analysis of individual participant data, all 12 phases of subtracted traces for a given muscle were plotted. Reflex amplitudes were considered significant and included in the analysis if they exceeded a 2SD band calculated on the residual prestimulus subtracted EMG. A 10-ms window centered on the peak of each reflex response was averaged at early and middle latency. All subtracted EMG amplitudes were then normalized to the maximum background EMG recorded during the cycling trial for the nerve stimulated.
Statistics
ANOVA was conducted separately on background EMG, and early and middle latency reflexes to determine significant main effects for phase of movement in separate analyses for control neurologically intact (NI) and stroke data (Statistica, Statsoft). Tukey's honestly significant difference (HSD) post hoc test was used to evaluate significant main effects. Pearson's correlation coefficients (r) were calculated between reflex amplitudes and background control EMG for each muscle and tested for significance. Descriptive statistics included mean Ϯ SE and coefficient of variation (CV) of means. To evaluate the extent to which a stroke altered the muscle activation and reflex output, data were compared with pooled results in control NI participants obtained over several years in different projects. Differences between stroke and NI participant group data were evaluated using t-tests with Lavene's F-test corrections for unequal variance. Any differences between MA and LA arms and NI data were evaluated by subtracting the data for the NI mean from the single participant data and calculating sums of squares on the residual. This was then tested statistically using t-ratios and a hypothesized mean difference of "zero" (see (Zehr et al. 1998) ). Cochran's Q statistic was used for statistical quantification of numbers of differences from control within the LA and MA arms. Statistical significance was set at P Յ 0.05. 
RESULTS

Background EMG
Phase-dependent modulation of background EMG amplitude was noted for all muscles in control and in the LA arm of stroke participants. In stroke participants, background EMG in iBB and iTB muscles acting at the elbow of the MA arm were the only ones to show significant modulation across the movement cycle. In Table 2 , a summary of phase-dependent modulation of background EMG and reflex amplitude for stroke and control participants is provided. Cells filled with asterisks (*) indicate a significant main effect for movement phase for that muscle, arm, and participant group. For example, taking the first row of Table 2 , background EMG along with both early and middle latency reflexes were significantly phase-modulated in the control iAD muscle. However, for the stroke MA arm only earlylatency reflexes were phase modulated, whereas for the LA arm background EMG and early latency reflexes showed significant effects.
The bilateral patterns of background EMG amplitudes across all 12 phases of movement for all muscles in the MA (dark bars, left side panels) and LA (light bars, right side panels) arms in stroke participants and in the R (ipsi) and L (contra) arms of control participants (black lines) are shown in Fig. 2 . Generally, in the MA arm after stroke the background EMG pattern differed from control. Overall, there appears to be a "flattening" of the modulation pattern across the movement cycle. This is observed as excess activity during periods when muscles are normally quiescent as well as reduced amplitudes when muscles are normally active. This can be detected in the number of differences in a phasewise comparison between the MA and control arms. The largest number of differences across cycle positions were seen in AD (8), BB (10), and TB (9). In contrast, FCR (4) and PD (1) had fewer differences from control. For the stroke LA arm there were fewer differences from the pattern in the control subjects. However, just as in the MA arm, less affected AD had many (8) differences compared with control. The patterns in BB (2), TB (3), and FCR (4) also differed from control, whereas PD showed no differences at all. It is interesting to note that all the muscles showed differences during the recovery phases (4 -9 o'clock).
An additional way to appreciate the "flattening" of the background EMG patterns across the movement cycle can be seen in the modulation indices for all muscles. A lower modulation index indicates that the EMG amplitude moved through a narrower range across the movement cycle. These indices are plotted in Fig. 3 . For ease of comparison the data are shown as bars for MA, control, and then LA arms. For the MA arm, the MIs in AD, BB, and TB were all significantly (P Ͻ 0.05) reduced compared with control. For the LA arm, AD and BB were also significantly reduced compared with control.
To gauge the extent that changes in muscle activation may functionally alter coordinated muscle activation patterns within and between the arms, coactivation ratios of background EMG were calculated (see Fig. 4 ). Flexor/extensor background EMG ratios between functional antagonists AD/PD (particularly during the power phases) and BB/TB (across all phases) within the MA and LA and control arms are shown in Fig. 4A . In Fig. 4A the excess coactivation at the shoulder (AD/PD ratio) can be clearly seen, particularly for the MA arm. More than half (7 of 12) of the bins show altered coactivation patterns in the MA arm compared with control. For the LA arm, one third (4 of 12) of the phases show altered activation ratios. A similar result was also seen in the MA arm for the muscles acting at the elbow. For the BB/TB ratio, three quarters (9 of 12) of the phases differed in the MA arm, whereas only 2 phases showed differences for the LA arm. Figure 4B displays the traces for coactivation ratios in homologous muscle pairs calculated between the arms. The between arm (MA/LA for stroke and R/L for control) coactivation ratios show that for the flexors AD and BB and the extensor TB, there was exaggerated coactivity in the MA arm compared with the coactivation seen for control. This was especially evident during the power (clock positions 11-4) phases of the movement cycle for AD and BB.
Phase-Dependent Modulation of Cutaneous Reflexes
In control NI participants, significant phase-dependent modulation of early and middle latency reflexes was seen in all ipsilateral muscles except for FCR at early latency. Contralateral reflexes were significantly phase-modulated in all muscles at early latency and in cAD and cPD at middle latency. Early-latency reflexes in the LA arm of stroke participants were all phase-modulated in muscles ipsilateral to stimulation, but no contralateral muscles showed significant main effects. At middle latency, only the iBB muscle showed a main effect for phase in the LA arm. Fewer observations of phase dependence were seen in the MA arm. Significant main effects were seen at early latency in iAD and cBB and at middle latency in iPD, cAD, and cPD muscles. Table 2 presents a summary of the main effects for phase arising from the ANOVA analyses for all muscles and both groups. Figure 5 shows single participant reflex traces across the full cycle of movement for the shoulder flexor muscle AD, ipsilateral to the site of stimulation in the MA and LA arms of a stroke and the right arm of a control participant. Note that early-and middle-latency reflexes (both of which are contained in the boundary outlined by the gray rectangles) can be seen across all three sets of traces spanning MA, LA, and control. Group averages for early (left) and middle (right) latency reflexes across all subjects are shown in Figs. 6 and 7. Figure 6 shows responses in muscles of the control, MA, and LA arms when they are the stimulated limb (ipsilateral muscles). These data show that, although there are some similarities in the overall shape across the movement cycle between stroke and control at early latency for shoulder (AD, PD) and elbow (BB, TB) muscles, there are considerable differences in the actual reflex amplitudes (e.g., PD). Furthermore, the responses in the wrist flexor FCR in the MA and LA arms differ from control.
Reflex Amplitudes for Muscles in the Arm Ipsilateral to the Site of Stimulation
Although it is only descriptive, when considering the MA and LA arms at early latency there are more differences from control in the proximal shoulder muscles AD (MA ϭ 6, LA ϭ 0) and PD (MA ϭ 8, LA ϭ 3) and the elbow flexor BB (MA ϭ 3, LA ϭ 1). Fewer differences are noted for the elbow extensor TB (MA ϭ 0, LA ϭ 2). However, at the wrist for FCR muscle, many differences from control were seen (MA ϭ 6, LA ϭ 4). At middle latency, the shoulder muscle AD shows the most differences (MA ϭ 5, LA ϭ 3), PD a few (MA ϭ 1, LA ϭ 2), and again elbow flexor BB shows 3 for each arm. Just as with early latency, few differences are seen in TB (MA and LA ϭ 1) and the middle-latency reflexes in FCR show many differences (MA ϭ 7, LA ϭ 6). An additional feature to note is that for both MA and LA arms every muscle shows a difference from control NI participants during the recovery phase.
Reflex Amplitudes for Muscles in the Arm Contralateral to the Site of Stimulation
Data plotted in Fig. 7 are reflexes in muscles of the LA and MA arms, contralateral (c) to the stimulation. As is typical with crossed-limb cutaneous reflexes, the EMG amplitudes here were generally much smaller than those in the stimulated limb. This is especially evident at the shoulder (compare the y-axis scaling for AD in Fig. 5 and between Figs. 6 and 7) . Interestingly, unlike the reflexes in the ipsilateral LA and MA arms, there is a fairly even distribution of differences for both reflex latencies. The only obvious exceptions are at the shoulder and wrist where AD (MA ϭ 3, LA ϭ 6) and FCR (MA ϭ 3, LA ϭ 3) show many differences at early latency. Otherwise, few differences were seen for cPD (MA ϭ 1, LA ϭ 0), cBB (no differences), and cTB (MA ϭ 1, LA ϭ 2) muscles at early latency. At middle latency, differences from control were seen in cAD (no differences), cPD (MA ϭ 1, LA ϭ 0), cBB (MA ϭ 1, LA ϭ 2), cTB (MA ϭ 2, LA ϭ 1), and cFCR (MA ϭ 1, LA ϭ 3).
In an effort to quantify statistically the number of differences from control within the LA and MA arms we used Cochran's Q statistic. The result showed no significant differences in the departure from control in both arms overall. That is, although both arms differed from control as indicated earlier, the extent of that difference was not different between the two arms.
Relationship Between Reflex and Background EMG Amplitudes
Results from the linear regression analyses are shown in Table 3 . Data from control participants are shown at the top, with LA and MA arm data from stroke participants in the middle and bottom of the table, respectively. The Pearson r value is given for early-and middle-latency reflexes, along with the n for each comparison (which varied for control), and the corresponding critical value of r. Correlation coefficients significant at P Յ 0.05 are shown in bold type. In control NI subjects there was significant correlation between early-latency reflex amplitudes and background EMG bilaterally for AD and ipsilaterally for BB. At middle latency only in iAD was there a significant correlation. Thus, in only 4 cases of a possible 20 did control participants show significant linear relationships between background EMG and reflex amplitudes. The most striking result for the data in stroke participants was that for both MA and LA arms there were no significant correlations for any muscles at any latency.
DISCUSSION
Here we examined the modulation of background EMG and cutaneous reflexes in both the MA and LA upper limbs of stroke participants during rhythmic arm cycling and compared them with observations taken from neurologically intact participants. There are three main new observations. First, background EMG activity patterns were rhythmically modulated in both the LA and MA arms of stroke participants. However, EMG amplitudes were blunted in many muscles and the range of EMG amplitudes (depth of modulation) was reduced in both arms after stroke compared with control. Related to this, reciprocal coactivation patterns between antagonist and crossed limb homologous muscles were altered in both MA and LA arms after stroke. Second, although cutaneous reflexes were altered after stroke compared with control, they remained phase-modulated in some muscles in both MA and LA arms. Overall, the data suggest that reflex patterns are partially retained even in the MA limb during rhythmic arm cycling poststroke. Finally, measures of background motor output and reflex modulation in both arms after stroke differed from control contributing to the concept that, in a neurophysiologic context, there is no truly "unaffected" side after stroke.
Rhythmic Background Motor Output During Arm Cycling After Stroke
Taken together, the overall modulation patterns for background EMG and reflex amplitudes provide insight into the status of neural control circuits in the intact and damaged nervous system (Burke 1999; Zehr et al. 2004a ). Our results add to existing evidence that portions of the neural circuitry regulating rhythmic motor output for the arms remain acces- sible after stroke (Ferris et al. 2006; Zehr and Loadman 2012; Zehr et al. 2004a Zehr et al. , 2009 ). This preservation of neural regulation is seen for both the MA and LA arms; however, the regulation of the MA arm is reduced compared with the LA arm or to the control data. Generally this can be described as "blunting" involving reduced amplitudes and reduced modulation ranges that are most prominent in the MA arm. A functional outcome of this blunting effect in MA and LA arms is that there is more coactivation within the arm as well as between the arms. This can be seen in terms of the differences across the movement cycle in background EMG and reflex amplitudes as well as the change in coactivation ratios (see Fig. 4 ).
There are some interesting comparisons in rhythmic background motor output between our data for arm cycling and observations from other experiments during walking and leg cycling after stroke. With walking, changes in burst durations and cocontractions during stance (Shiavi et al. 1987 ) and reduced modulation of EMG amplitude across the full walking cycle (Burridge et al. 2001 ) have been noted. In a recent study of walking after stroke, we showed that the depth of modulation for background EMG activity was similar between stroke and control participants (Zehr and Loadman 2012) .
Leg cycling has been a very useful experimental paradigm for the study of bilateral neuronal linkages after stroke and there are detailed analyses of patterns of muscle activation (Alibiglou and Brown 2011; Brown and Kautz 1998; Brown et al. 1997; Schindler-Ivens et al. 2004) . Input from the LA leg potentiates dysfunctional muscle activation in the MA leg during leg cycling (Kautz and Patten 2005) . It was also demonstrated that leg cycling could help induce rhythmic motor output in the contralateral leg, even when it was stationary (Kautz et al. 2006 ). These observations highlight the potential for interlimb coupling effects to facilitate bilateral motor output during rhythmic leg cycling after stroke. Currently, this type of systematic investigation of the effect of the movement state of the arms during arm cycling is not available.
Organization of Cutaneous Reflex Pathways After Stroke
Our data show alterations in neural control of rhythmic arm movement such that cutaneous reflex amplitudes and modulation patterns in both MA and LA arms were modified relative to arms of the neurologically intact. Changes in the MA arm are certainly expected but still show some remnants of normal control. The alterations in the LA arm add to the much earlier suggestion of Thilmann et al. (1990) that the stroke ipsilesional side is not to be taken as a normal or unaffected limb. More recently, Mirbagheri et al. (2008) used finely controlled torque motor perturbations to reveal that, compared with control, ankle reflex stiffness was exaggerated in both legs after hemiparetic stroke. Our data add to this research and support the position that the ipsilesional limb is not a neurophysiologically valid reference as a control or "unaffected" limb.
Based on our data we suggest that cutaneous reflex patterns are partially retained during rhythmic arm cycling after stroke. Of particular interest is the MA arm, where the observed residual phase modulation is on the contralateral side, suggesting access to spinal cord circuits with nerve stimulation applied to either side. Transmission in crossed cutaneous reflex pathways from the MA to LA arm is altered compared with transmission from the LA to the MA arm when stimulation was applied to the MA arm (compare data and number of differences from control in Figs. 6 and 7 ). As such, cutaneous inputs and associated modulation of reflex amplitudes could serve as probes to identify alterations in neural function on either side, resulting either from the initial lesion or from the ensuing neuroplastic adaptations occurring with spontaneous recovery or targeted rehabilitation (Wolpaw 2010) . Such neural plastic adaptations in the MA arm resulting from a variety of processes, including timed pruning, changes in connectivity, functional networking with unmasking silent pathways, and neurogenesis, have potential to both ameliorate and degrade functional plasticity (Cramer et al. 2011; Grefkes and Fink 2011) . Changes in the LA arm may result from aberrant neuroplasticity after the injury or from the initial lesion, an issue that is not possible to resolve with our data.
Although there are no strictly specific studies on cutaneous reflex pathways during arm cycling after stroke, there are related studies from walking and leg cycling. Previously we showed extensive bilateral cutaneous reflex activity evoked during stationary ) and locomotor Zehr et al. 2007b ) tasks in neurologically intact participants. Recently, in stroke, we showed that contralateral stimulation of the cutaneous superficial peroneal nerve innervating the foot dorsum could evoke significant crossed reflexes in the MA leg (Zehr and Loadman 2012) . Overall, results in walking were consistent with dysfunctional reflex control, particularly during the swing phase. It was speculated that changes in interneuronal excitability during swing could arise from reduced supraspinal regulation of alphamotoneuronal and interneuronal activity caused by the stroke lesion (Dobkin Fig. 6 . Early (left panels) and middle (right panels) latency reflex amplitudes evoked by SR nerve stimulation and plotted across the movement cycle for stroke (bars) and neurologically intact control (lines) participants. Data are from the stimulated (ipsilateral) limb. Data are means Ϯ SE. *Differences between stroke and control at P Ͻ 0.05. ϩ, Differences between the MA arm and control and LA arm and control. Other abbreviations are as in Fig. 2 . 2005; Dobkin et al. 2004) . Interestingly, in this study, the largest differences between stroke and control arms were seen in the recovery phases of arm cycling. This part of the arm cycling movement has been functionally considered as equivalent to swing phase for the legs during walking (Klimstra et al. 2011) . Swing phase was also the portion of the step cycle during which many differences were noted between control and the MA leg during walking after stroke (Zehr and Loadman 2012) . These observations may suggest a similar effect of the stroke lesion on the mechanisms regulating rhythmic arm and rhythmic leg movement. Currently, we are not able to determine the overall effect that a larger reliance on supraspinal regulation of spinal cord excitability during rhythmic arm movement (Barthelemy and Bo Nielsen 2010) than during rhythmic leg movement (Bo Nielsen 2002; Zehr and Duysens 2004 ) may have after stroke.
Independence of Reflex and Background EMG Amplitudes After Stroke
Significant linear correlation between cutaneous reflex amplitude and background EMG has been observed for static, postural tasks but not for rhythmic locomotor activity in both the arms and legs (Hundza and Zehr 2006; Zehr et al. 2007a) . Additionally, discrete tasks, such as nonrhythmic leg extension or flexion, show strong correlation as well (Zehr et al. 2007a ).
These robust correlations normally seen during static or discrete actions have been ascribed to automatic gain compensation (Matthews 1986) arising from voluntary alterations in motoneuronal excitability. In contrast, the separation between reflex and background EMG amplitudes during rhythmic motor output has previously been ascribed to the action of locomotor central pattern generator (CPG) output modulating transmission in cutaneous pathways by premotoneuronal gating (Duysens 1998; Duysens and Van de Crommert 1998) . Descending supraspinal inputs can therefore regulate reflex output either through modulation of excitability in the interneuronal reflex pathways or through the interneuronal networks that are part of the CPG itself (pattern formation layer; see McCrea and Rybak 2008; Zehr 2005) . The present observations of complete lack of significant correlation of background EMG and reflex amplitudes during rhythmic arm cycling in stroke participants can be inferred as an outcome of decreased supraspinal regulation during rhythmic arm movement arising after stroke (and see preceding text for discussion, Rhythmic Background Motor Output During Arm Cycling After Stroke). That is, the supraspinal lesion has further weakened the small effect normally seen in some muscles, such as AD, in control subjects. This could arise from weakened direct supraspinal regulation of interneuronal reflex pathways. Additionally, the observation of few correlations in this large sample of control subjects further supports the concept that during rhythmic motor output, cutaneous reflex amplitudes are typically uncoupled from the background EMG amplitudes.
Methodologic Considerations
After stroke, there is often reduced range of motion at the shoulder and elbow in the MA arm. In a prior study we used three variations in crank length (CL) (Long ϭ 19.5, Medium ϭ 13.5, and Short ϭ 3.8 cm) to create an asymmetrical cycling pattern (Hundza and Zehr 2006) . These variations in CL produced significant changes in the range of motion of the shoulder and elbow joints. Angular displacement at the shoulder joint for crank lengths of 19.5, 13.5, and 3.8 cm were approximately 64°, 38°, and 13°, respectively. The corresponding ROM at the elbow was about 103°, 66°, and 25°, respectively. Thus, this issue could have been a confounder in the effects we observed here in the LA arm. Since our prior study showed that background EMG amplitude in muscles of the arm opposite that with the altered CL (in the case of stroke this means the LA arm) increased significantly as CL decreased. As a result, at any phase in the movement cycle, the background EMG was different between three CL trials and was typically higher on the opposite side. This did not have a major effect on the pattern of EMG modulation during arm cycling but rather induced a scaling effect. If this were a significant factor at play in the current study we would predict an increase in EMG amplitude generally in the muscles in the LA arm of stroke. Yet the background EMG graphs show that this effect is not present. Additionally, despite the effect on the amplitudes of background EMG, amplitudes of early-and middle-latency cutaneous reflexes in muscles of both arms were essentially invariant at each phase of the movement cycle between the different CLs. We concluded that variations of arm cycling that primarily yield significant changes in the amplitude of muscle activity (like crank length manipulations) do not require significant task-specific change in neural control. We therefore cannot completely exclude a contribution from this effect of altered crank length and joint range of motion. Despite that, with reference to Table 1 , it can be seen that 11 of our 25 stroke participants required an adjusted crank length to modify the MA ROM. Of those 11, 5 had modest adjustments that put them between the long and medium CL and 5 at the short CL. Given the results in the current article, taken together with Hundza and Zehr (2006) , we do not think this had a major methodologic impact on our results.
Translational Implications for Rehabilitation
The current observations help to further characterize the integrity of neural circuits regulating rhythmic arm movement after stroke. Understanding the status of the nervous system function after stroke is crucial in advancing effective rehabilitative practice. We previously showed that rhythmic arm cycling can activate descending pathways to modulate lumbar spinal cord activity (Dragert and Zehr 2009; Frigon et al. 2004; Hundza and Zehr 2009; Loadman and Zehr 2007; Zehr et al. 2004b) . Recently this observation was extended to stroke participants where a similar but reduced effect was observed even in those with spasticity (Barzi and Zehr 2008) . This suggested that rhythmic cycling with the arms could activate descending effects on the lumbar cord and implied the presence of similar neural control of the arms as in neurologically intact participants. This includes a regulation from subcortical and presumed spinal pattern generating networks (e.g., locomotor CPGs) contributing to rhythmic arm cycling (Zehr et al. 2004a ). The present result adds to the picture of neural control of rhythmic arm movement after stroke and shows a partial preservation of the linkages seen in the neurologically intact state. This may include the use of the arms in functional stabilization of gait through the cancellation of horizontal angular momentum produced by the legs (see Zehr et al. 2009 ).
Of particular interest are the earlier results of Diserens et al. (2007) that rhythmic arm cycling could reduce spasticity in arm muscles. We suggest our data support that such cycling training could help engage the neural mechanisms regulating rhythmic arm movement. The overall implication of this result is that the putative spinal contributions to rhythmic human arm movement remain accessible after stroke, which has implications for rehabilitative interventions. Notably, this access is maintained despite differences in range of motion at the arm in stroke, as confirmed previously for neurologically intact participants (Hundza and Zehr 2006) . Engaging these mechanisms could lead to enhanced and retrained strength and mobility for arm function as it has in the retraining of leg function after stroke and spinal cord injury (Barbeau and Visintin 2003; Ferris et al. 2006; Moseley et al. 2008) . Previously, the use of discrete arm extension and flexion actions cued with auditory stimuli has been shown to dramatically improve motor function after stroke (Whitall et al. 2000 ; also see review in Cauraugh et al. 2010 ). This form of training has been shown to generalize to other motor tasks like reaching and pointing (Senesac et al. 2010) and to lead to extensive bilateral reorganization of cortical activation (Luft et al. 2004) . Currently, the relationship between the whole arm cycling action explored here, ascribed as a functional proxy to arm swing during walking (Zehr et al. 2004a) , and the planar extension and flexion action established by Whitall et al. (2000) is uncertain but warrants exploration.
We conclude that circuits regulating rhythmic motor output remain accessible but have an altered "operating range" after stroke. It remains to examine the extent to which activity in these circuits can be reinforced by habitual activity in rehabilitation.
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